The meningococcal lactoferrin receptor is composed of the integral outer membrane protein LbpA and the peripheral lipoprotein LbpB. Homooligomeric complexes of LbpA and heterooligomers consisting of LbpA and LbpB were identified. Furthermore, five cell surface-exposed loops of LbpA were identified, which partially confirms a previously proposed topology model.
The meningococcal lactoferrin receptor is thought to be formed by the transmembranous lactoferrin-binding protein A (LbpA) and the peripheral lipoprotein LbpB (10, 12) . The deduced amino acid sequence of LbpA (9, 10) shows homology to those of the neisserial transferrin receptor TbpA and of the TonB-dependent siderophore receptors of Escherichia coli. A topology model for LbpA, according to which the protein traverses the outer membrane 26 times in a ␤-sheet conformation, thereby exposing 13 loops to the bacterial surface ( Fig. 1) , has been proposed elsewhere (10) . Recently, the crystal structures of the siderophore receptors FhuA (5, 6) and FepA (2) revealed ␤-barrel structures consisting of only 22 ␤-strands with the first 150 amino acids forming a plug that closes the barrel. Since the homology between LbpA and the siderophore receptors is particularly high in this N-terminal part, the first four ␤-strands and their flanking regions in the proposed LbpA model (Fig. 1 ) are likely to form a similar plug, leaving a 22-stranded ␤-barrel for LbpA as well. The lipoprotein LbpB showed homology to the transferrin receptor TbpB (10, 12) . Therefore, it was assumed that the lactoferrin receptor, like the transferrin receptor (3), consists of two proteins, LbpA and LbpB. Whereas evidence for an interaction between TbpA and TbpB has been reported elsewhere (1, 4), such evidence is lacking for LbpA and LbpB. The goal of the present study was to verify the proposed topology model for LbpA as well as the putative interaction between LbpA and LbpB.
Oligomeric complexes of LbpA and LbpB. To verify the topology model of LbpA, 14 synthetic peptides corresponding to (parts of) the putative exposed loops and to the N terminus of LbpA (Fig. 1) were used to immunize mice as described elsewhere (12) . To test the reactivity of the antisera with LbpA, cell envelopes from iron-limited cells (9) were isolated by ultracentrifugation (170,000 ϫ g, 4°C, 5 min) after ultrasonic disintegration of the cells and dissolved in sample buffer (7) without ␤-mercaptoethanol. After sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting, all antisera appeared to react with the expected 103-kDa band in the cell envelopes of wild-type strain BNCV (see Fig. 2A , lane a, for example). Interestingly, when the samples were not heated at 100°C before electrophoresis, an additional reaction of the antisera and of the LbpA-specific monoclonal antibody (MAb) mn98K2 (9) (Fig. 2B ), demonstrating that both bands represent forms of LbpA. Both bands were detected in a sample of the lbpB mutant CE1454 (Fig. 2B) . Therefore, the 200-kDa band does not represent a heterooligomeric complex of LbpA and LbpB but, probably, a homooligomer of LbpA.
To investigate the existence of a heterooligomeric complex, two-dimensional electrophoresis with nondenaturing isoelectric focusing (IEF) in the first and denaturing SDS-PAGE in the second dimension was applied. Both proteins comigrated in the first dimension (Fig. 3A) , supporting the hypothesis that they form a complex. Under denaturing IEF, LbpA and LbpB did not migrate together but, in accordance with their isoelectric points, to the basic and the acidic area, respectively ( Fig.  3C and D) . Furthermore, in samples from the lbpA mutant (Fig. 3B) , LbpB migrated in the first dimension to a different position than that in samples from the wild-type strain. Hence, in samples of the wild-type strain, both proteins comigrate in the first dimension on the basis of a mutual interaction.
Topology of LbpA. The accessibility of the putative cell surface-exposed loops of LbpA in intact cells was tested in enzyme-linked immunosorbent assays (ELISAs) by using the antisera directed against the synthetic LbpA peptides. The antisera directed against the peptides of loops 4, 5, 7, 10, and 12 reacted with intact cells (Fig. 4) , thus confirming the cell surface exposure of these loops (Fig. 1) . The peptides corresponding to loops 4, 5, and 7 overlap with highly variable regions in LbpA (10), consistent with the notion that such variable domains of outer membrane proteins are, in general, cell surface exposed. Furthermore, consistent with the model, the epitope for two MAbs was previously localized in loop 4 ( Fig. 1) . All the other antisera failed to show significant binding. In the case of the antisera directed against the putative loops 6, 8, 9, 11, and 13, this lack of reactivity may be explained by low titers of the antisera, since they also reacted only weakly with purified denatured LbpA (13) in an ELISA (data not shown). In the case of the antiserum against the loop 6 peptide, the low reactivity may be explained by the substitution of 2-aminobutyric acid for the two cysteines in the peptide. In contrast, the sera directed against the peptides of loops 1, 2, and 3 and of the N terminus were highly reactive in an ELISA with purified LbpA but not with cell envelopes as immobilized antigen (data not shown). These epitopes are apparently hidden within the membrane or shielded by other parts of the protein. Hence, these data are consistent with the idea that the N-terminal segment of LbpA forms a plug within the ␤-barrel domain as has been reported for the three-dimensional structures of the siderophore receptors (2, 5, 6). Interestingly, the sera against the peptides of loops 1 and 2 showed a strong reaction with cells that were killed by heat inactivation for 30 min at 56°C prior to coating (data not shown). The heat treatment does not result in a total denaturation of the protein, since cells that were inactivated in this way are still able to bind lactoferrin (11) . Apparently, these epitopes are unmasked by the heat treatment, which is routinely used to kill the meningococci.
To identify a ligand-binding site in LbpA, competition ELISAs were performed (data not shown). Iron-limited meningococcal cells, applied as a coating to the wells of a microtiter plate, were first incubated with various dilutions of human lactoferrin (11% iron saturated; generously provided by Agennix) and subsequently with the antipeptide sera or the MAb. However, no inhibition of antibody binding by preincubation with lactoferrin was observed.
In this study, we demonstrated that the lactoferrin receptor consists of a macromolecular complex of LbpA and LbpB. LbpA is probably present in this complex as a dimer. Moreover, we could confirm experimentally the cell surface exposure of five postulated loops of the LbpA protein. However, we propose that LbpA, like FhuA and FepA, forms a 22-stranded, rather than a 26-stranded, ␤-barrel, with 11 cell surface-exposed loops and with a plug formed by the N-terminal 150 residues that closes the ␤-barrel. Since LbpA is an important candidate for a serogroup B vaccine, this structural information is important regarding the location of potentially useful antigenic determinants. FIG. 4 . Binding of various LbpA peptide antisera and MAb mn98K2 to strain BNCV in whole-cell ELISAs, performed as described elsewhere (12) . Meningococci were killed by incubation for 1 h with 400 g of tetracycline per ml prior to coating. The reactions were quantified by reading the optical density (OD) at 450 nm. Results are averages from three independent determinations with standard deviations indicated by error bars. The binding of the antisera to whole cells of the lbpA mutant strain CE1457 was determined as well, and the resulting values were subtracted from those obtained with the wild-type strain. Numbers indicate the cell surface-exposed loops, against which the sera were directed. NT, Nterminal peptide. The rehydration solution for the native IEF contained cell envelopes (315 g of total protein), 1.25% Elugent (Calbiochem), 0.5% Pharmalytes (Pharmacia), and 18.75% glycerol. For denaturing IEF, the rehydration solution, containing cell envelopes (90 g of total protein), was prepared as described elsewhere (14) but with 1.25% Elugent instead of CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate). The IPG gels (pH 3 to 10 L; Pharmacia) were focused with a constant current of 1 mA and a constant temperature of 15°C until 50 V ⅐ h in total was reached. After electrophoresis, proteins were blotted and LbpA and LbpB were detected with the LbpA-specific MAb mn98K2 and with an LbpB-specific antiserum raised against the synthetic peptide C1 (12) .
